The intrinsically disordered regions of eukaryotic proteomes are enriched in short linear motifs (SLiMs), which are of crucial relevance for cellular signaling and protein regulation; many mediate interactions by providing binding sites for peptide-binding domains. The vast majority of SLiMs remain to be discovered highlighting the need for experimental methods for their large-scale identification. We present a novel proteomic peptide phage display (ProP-PD) library that displays peptides representing the disordered regions of the human proteome, allowing direct large-scale interrogation of most potential binding SLiMs in the proteome. The performance of the ProP-PD library was validated through selections against SLiM-binding bait domains with distinct folds and binding preferences. The vast majority of identified binding peptides contained sequences that matched the known SLiM-binding specificities of the bait proteins. For SHANK1 PDZ, we establish a novel consensus TxF motif for its non-C-terminal ligands. The binding peptides mostly represented novel target proteins, however, several previously validated protein-protein interactions (PPIs) were also discovered. We determined the affinities between the VHS domain of GGA1 and three identified ligands to 40-130 lM through isothermal titration calorimetry, and confirmed interactions through coimmunoprecipitation using fulllength proteins. Taken together, we outline a general pipeline for the design and construction of ProP-PD libraries and the analysis of ProP-PDderived, SLiM-based PPIs. We demonstrated the methods potential to identify low affinity motif-mediated interactions for modular domains with distinct binding preferences. The approach is a highly useful complement to the current toolbox of methods for PPI discovery.
The intrinsically disordered regions of eukaryotic proteomes are enriched in short linear motifs (SLiMs), which are of crucial relevance for cellular signaling and protein regulation; many mediate interactions by providing binding sites for peptide-binding domains. The vast majority of SLiMs remain to be discovered highlighting the need for experimental methods for their large-scale identification. We present a novel proteomic peptide phage display (ProP-PD) library that displays peptides representing the disordered regions of the human proteome, allowing direct large-scale interrogation of most potential binding SLiMs in the proteome. The performance of the ProP-PD library was validated through selections against SLiM-binding bait domains with distinct folds and binding preferences. The vast majority of identified binding peptides contained sequences that matched the known SLiM-binding specificities of the bait proteins. For SHANK1 PDZ, we establish a novel consensus TxF motif for its non-C-terminal ligands. The binding peptides mostly represented novel target proteins, however, several previously validated protein-protein interactions (PPIs) were also discovered. We determined the affinities between the VHS domain of GGA1 and three identified ligands to 40-130 lM through isothermal titration calorimetry, and confirmed interactions through coimmunoprecipitation using fulllength proteins. Taken together, we outline a general pipeline for the design and construction of ProP-PD libraries and the analysis of ProP-PDderived, SLiM-based PPIs. We demonstrated the methods potential to identify low affinity motif-mediated interactions for modular domains with distinct binding preferences. The approach is a highly useful complement to the current toolbox of methods for PPI discovery.
Introduction
Recent years have seen a tremendous growth in the number of characterized human protein-protein interactions (PPI). A large-scale yeast-two-hybrid (Y2H) screen provided information on 14 000 potential binary PPI [1] and high-throughput affinity-purification coupled to mass spectrometry (AP-MS) of~2600 bait proteins in HEK293T cells revealed more than 23 000 binary interactions or complexes [2] . In these datasets there are striking numbers of new interactions, bearing witness to the large set of unknown PPIs awaiting discovery. For example, 86% of the interactions from the AP-MS study were previously unknown. Certain categories of interactions, such as the interactions between short linear motifs (SLiMs) and SLiM-binding modules, remain particularly underrepresented [3] . SLiMs typically bury only three or four residues in the SLiMbinding pocket of their binding partner and the resulting interactions are often of low-to-medium affinity and transient. SLiM-based interactions are consequently easily lost in other high-throughput PPI discovery experiments [4] such as AP-MS. However, SLiMs are crucial for cellular signaling where transient SLiM-domain interactions are often utilized to propagate signals throughout the cell [5] . Furthermore, SLiMs encode much of the regulatory program of a protein by controlling their stability, localization, and modification state [3] . Due to their central role in cell physiology SLiM-mediated interactions drive evolution of signaling networks [6, 7] , are frequently deregulated in diseases such as cancers [8] and are often mimicked by pathogens to hijack host systems [9] [10] [11] .
Intrinsically disordered regions cover approximately 30% of the human proteome and extensive disordered regions exist in all cellular systems [12, 13] . However, outside a few well-studied proteins, few of these regions have been characterized. The predominant functional modules in these regions are SLiMs [4] . It has been estimated that the human proteome holds more than 100 000 SLiMs but, to date, only a small fraction of the expected repertoire has been discovered [14] . Consequently, there is a need for unbiased largescale methods to identify binding SLiMs and to link them to the protein modules that recognize them. Historically, the vast majority of SLiMs have been characterized by low-throughput experimentation [15, 16] . These studies generally validate novel SLiMs on a small scale, rarely discovering more than a few motif instances at a time. Although peptide arrays allow the screening of thousands of peptides in parallel, they are generally better suited for characterizing motif-binding domains with a priori knowledge of the binding preferences or interactors due to the limited number of peptides that are typically spotted on an array. Peptide arrays are hence typically not aimed at directly discovering novel motif instances in the proteome. Combinatorial peptide phage display with highly diverse libraries has been used to successfully determine peptide-binding preferences for a variety of modular domains, such as the PDZ domain family [17] . The identified consensus motifs can then be used to identify potential interaction partners through motif scanning. However, such predictions may be hampered due to a bias toward overly hydrophobic sequences in peptide phage selections, which may lead to tedious experimental validations [18] . There is thus a need for more efficient approaches for discovery of SLiM-based interactions.
In recent years, a variety of high-throughput methods have been developed to identify SLiM-based interactions [19] . Among the emerging methods for discovery of SLiM-based PPIs, is proteomic peptide phage display (ProP-PD) [20] [21] [22] . In ProP-PD, phage libraries are engineered to display defined regions of a target proteome. These libraries are then used in selections against bait proteins and retained phage pools are subjected to next-generation sequencing (NGS), which provides a list of ligands of potential biological relevance. In a proof-of-principle experiment, we previously designed a phage library to display all the C-terminal peptides of the human proteome. We tested the C-terminal ProP-PD library against a set of PDZ (PSD-95, disks large, zona occludens 1) domains [20, 23] , which are known to mainly interact with C-terminal peptides of target proteins, and successfully confirmed identified binders through affinity measurements and coimmunoprecipitations (co-IP) [24] .
In this study, we expand the ProP-PD method to create a ProP-PD library displaying the intrinsically disordered regions of the human proteome. We outline a general pipeline for ProP-PD library design, bait protein screening and the analysis of ProP-PD-derived data. We validate the performance of the intrinsically disordered ProP-PD library against SLiM-binding domains from different domain families with distinct binding preferences, namely the enabled/VASP homology 1 (EVH1) domains of protein enabled homolog (ENAH) and Ena/Vasp-like protein (EVL); the glycine-tyrosine-phenylalanine (GYF) domain of PERQ amino acid-rich with GYF domain-containing protein 1 (GIGYF1); the ligand-binding domain (LBD) domains of nuclear receptors peroxisome proliferator-activated receptor gamma (PPARG) and nuclear receptor subfamily 5 group A member 2 (NR5A2); the PDZ domains of the SH3 and multiple ankyrin repeat domains protein 1 (SHANK1) and Disks large homolog 1 (DLG1); and the VHS (Vps27, Hrs, and STAM) domain of ADP-ribosylation factorbinding protein GGA1. In three cases, we included two domains of each family, to explore how the method performs when analyzing domains with similar binding preferences. In the case of GGA1, we further validated the interactions between the recombinant VHS domain and synthetic 16 amino acid peptides, as well as its interactions with full-length proteins containing the disordered regions through co-IPs, thus demonstrating the relevance of identified interactions in the context of full-length proteins.
Results

ProP-PD library design and construction
A ProP-PD library was designed to cover the intrinsically disordered regions of the human proteome with 16-mer peptides. Peptides were tiled with an overlap of seven amino acids between peptides to optimize the display of the peptides and the coverage of intact SLiMs (Fig. 1A ). The total library design consisted of 479 846 peptides derived from 18 682 proteins. Oligonucleotides encoding designed peptides flanked by annealing sites for combinatorial mutagenesis were printed on custom microarrays and obtained as an oligonucleotide library (Fig. 1B) . The oligonucleotide library was used in a combinatorial mutagenesis reaction to create a library of genes encoding for the designed peptides fused N terminally to the M13 major coat protein P8 in a phagemid vector. The library was sequenced to evaluate the coverage of the designed library. Of 26 936 810 total identified reads, 3 378 746 mapping to 301 147 unique designed peptides were complete and in the correct frame. The large number of reads that did not map to any designed peptide typically represented frame-shifted or truncated versions of the design, which is largely explained by oligonucleotide library quality issues. The correctly mapped peptide sequences correspond to 62.7% coverage of the designed ProP-PD library. For future libraries, advances in oligonucleotide library synthesis quality and explicit addition of redundancy in library design can be leveraged to increase the coverage of the library. Although incomplete, the current ProP-PD library serves its purpose; the library quality is sufficient for identification of known and novel natural binders.
ProP-PD selection and initial data analysis
The ProP-PD library was used in phage selections (Fig. 2) against the following immobilized bait proteins: ENAH EVH1, EVL EVH1, GIGYF1 GYF, NR5A2 LBD, PPARG LBD, DLG1 PDZ2, SHANK1 PDZ, and GGA1 VHS. Enriched phage pools from the fourth round of selections were barcoded, pooled, and analyzed by NGS on the Illumina platform. We decided a cut-off of sequencing counts of peptides for each bait protein and established a consensus motif for each dataset of binding peptides using the SLiMFinder algorithm [25] (Table 1) . We included ligands with sequencing counts below the threshold value for further analysis if they contained sequences that matched the consensus motif. After the processing, between 4 and 103 unique ligands were identified as binders for each bait protein ( Table 1, Table S1 ). These unique peptides represented between 4 and 97 target proteins per bait protein; some proteins were identified as ligands based on more than one peptide and some peptides match to more than one protein.
Analysis of identified consensus motifs
In the cases where the binding preferences were previously known, the identified consensus motif matched the known specificity of the bait domains [26] ( Table 1, Fig. 3A ). EVH1 and GYF domains recognize proline-rich motifs [27, 28] . LBD domains are known to interact with LxxLL motifs [29] and VHS domains typically bind to DxxLL motifs [30] . In all cases, the consensus motif was found in the majority of the identified peptides (Table 1) . To our knowledge, there was no known consensus for internal PDZ domain-binding motifs available prior to this study for the PDZ domains of SHANK1 and DLG1, but they are known to bind the C-terminal motifs TxΦ-COOH and TxV-COOH, respectively (where Φ is a hydrophobic amino acid) [17, 20, 31] . We established a new TxF consensus motif as the preferred internal ligand for the SHANK1 PDZ domain, supported in three instances by overlapping peptides ( Table 2 ). The TxF motif is similar to SHANK1 PDZ's specificity for C-terminal ligands, but the preference for internal motifs appears to be more stringent. In line with our results, a TxF containing stretch in Glutamate receptor delta2 was identified as binding site for SHANK1 PDZ in the original study reporting on SHANK1 PDZ's capability to bind internal ligands [32] . For DLG1 PDZ2 there were too few ligands to derive a motif, but we note Fig. 2 . Schematic overview of ProP-PD selections against GST-tagged bait proteins. GST-tagged (indicated in gray) bait proteins (in blue) are expressed and purified (1) and nonspecifically immobilized on a hydrophobic surface (2) and then used as baits for up to five repetitive rounds of phage selections (3) (4) (5) (6) . Amplicons are prepared by barcoding peptide-coding regions using enriched phage pools as PCR templates. The amplicons are analyzed by next-generation sequencing (7) . The identified ligands are analyzed for consensus motifs (8) and matched against the library design, which identifies the peptide-containing host proteins. Targets are then selected for validations through biophysical affinity measurements and cell-based assays.
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The that two out of four DLG1 PDZ2 peptides contain a 'TxF' motif.
Comparison between ProP-PD derived ligands of homologous domains reveals partially overlapping datasets
Many motif-binding domains are members of large families of closely related domains with overlapping specificities [3] . We included three pairs of homologous domains (the EVH1 domains of ENAH and EVL, the LBD domains of PPARG and NR5A2, and the PDZ domains of SHANK1 and DLG1) in our analysis. No overlap was found between the ligands of the PDZ domains, which might be explained by the low number of DLG1 PDZ2 peptides and subtle differences in their peptide-binding preferences [17] . The selections against the EVH1 domains identified overlapping sets of ligands as can be expected by their shared binding preferences (Fig. 3B) . Similarly, the selections against the LBD domains identified partially overlapping sets of ligands. These overlaps far exceed the peptide overlap between unrelated domains. Only two identified peptides contain binding motifs for nonhomologous binding domains: One peptide was found as a ligand of both SHANK1 PDZ and EVL EVH1 and contains peptides matching the consensus binding motif for each of the domains (VVRDFPAPLPESTVFS). In addition, one ligand was shared between the ENAH EVH1 and GIGYF1 GYF domains (TPLPPPPPPPPGLPTY). Such regions with overlapping or adjacent motifs are commonly seen in proteins and are often a hallmark of regulatory switching mechanisms [33] .
Comparison between ProP-PD ligands and previously known ligands
The method returned several SLiMs that have previously validated as ligands for a given bait domain, including the EVH1 domain-binding motif in Palladin (PALLD) [34] ; the LBD domain-binding LxxLL motifs in Nuclear receptor-interacting protein 1 (NRIP1) [35] , Transcription intermediary factor 1-alpha (TRIM24) [36] and Histone acetyltransferase p300 (EP300) [37] ; and the VHS domain-binding motifs in ADP-ribosylation factor-binding protein GGA1 (GGA1) [38] and Sortilin-related receptor (SORL1) [39] ( Table 3 ). The known NRIP1 LxxLL motif was returned in both the NR5A2 and PPARG selections. Furthermore, the internal NOS1 PDZ motif discovered in the DLG1 selection has been shown to interact with the PDZ domain of the DLG1 paralog, DLG4 [40] . However, many SLiM instances known to serve as binding sites for each bait protein were not identified in these experiments. This can at least partially be attributed to the incomplete coverage of the ProP-PD library.
We also investigated to what extent the proteins containing identified ProP-PD ligands overlap with known protein interactions by a comparison with interactors of the bait proteins (or their paralogs) listed in the HIPPIE integrated protein-protein interaction database [41] . In addition, we performed a manual literature search. We found literature support for identified ligands for the EVH1 domains of ENAH, for the LBD domains of PPARG and NR5A2 and for the VHS domain of GGA1 (Tables S1 and S4 ; Fig. 3C ). For GIGYF1 GYF, DLG1 PDZ2, and SHANK1 PDZ we did not find any literature evidences corroborating our findings, with the exception of the DLG4-NOS1 interaction described above. In total, 4.4% (16 interactions) of the identified peptides were supported by interaction data. While these numbers may appear low, they can be compared to the recent high-throughput AP-MS study, where 86% of the interactions were novel, and might indicate the low coverage of SLiM-mediated interactions in the current human PPI databases. Indeed, the techniques upon which a large fraction of this data is based upon (namely, AP-MS and Y2H) likely have poor sensitivity toward these interactions. Hence, our results underline the potential of ProP-PD to discover SLiM-based interactions overlooked by other methods. The EVH1 domain of EVL is bound to a EFPPPPT peptide (PDB: 1QC6), the GYF domains of CD2BP2 is bound to a SHRPPPPGHRV peptide (PDB: 1L2Z), the PDZ domain of SHANK1 is bound to a DETNL-cooh peptide (PDB: 3QJN), the LBD domains of PPARG is bound to a ARHKILHRLLQE peptide (PDB: 2P54), and the VHS domain of GGA1 bound to a DDISLLK peptide (PDB: 1UJJ). Key residues are indicated in the structures (sticks). The figure was made using PYMOL. The SLiMFinder defined consensus motifs are shown as relative binomial logos (Table 1) . Logos show the Àlog 10 of the binomial probability. The binomial probability is calculated as prob aa = binomial(k, n, p) where k is the observed residue count at each position for a residue, n is the number of the instances of motifs, and p is the background frequency of the residue in the intrinsically disordered regions of the human proteome. The gray line annotated as P(0.05) signifies the height of a amino acid that has a prob aa of 0.05. Shown are the relative binomial logos for the EVH1 domain of EVL, the GYF domain of GIGYF1, the PDZ domain of SHANK1, the LBD domain of PPARG, and the VHS domain of GGA1. (B) Venn diagram of overlapping peptide ligands identified for the EVH1 domains of ENAH and EVL (left) and the LDB domains of NR5A2 and PPARG. (C) Networks of identified high confidence ligands (Table S4) , with bait proteins indicated in yellow and target proteins in blue, green, or orange. Proteins indicated in green are previously known ligands of the bait proteins. Proteins in blue share relevant GO terms with the bait proteins and/or are known to interact with bait protein paralogs. GGA1 targets indicated in orange were validated in the current study. The networks were visualized using Cytoscape.
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Significant enrichments of relevant gene ontology terms
For each bait protein, we investigated if the proteins containing the identified peptide ligands exhibit any functional enrichment through gene ontology (GO) term (biological process, cellular compartment, molecular function) and KEGG pathway enrichment analysis, using DAVID version 6.8 [42] . The analysis revealed significant enrichments (FDR < 0.01) of GO terms among the ligands of ENAH EVH1 (actin cytoskeleton, actin binding, lamellipodium, and translation activator activity), GGA1 VHS (homophilic cell adhesion via plasma membrane adhesion molecules, calcium ion binding, transcription factor binding), GIGYF1 GYF domain (chromatin binding), PPARG LDB (pathways in cancer), and DLG1 PDZ (sarcolemma) ( Table S2) . We further performed a GO term enrichment analysis using GORILLA [43] , with similar results (Table S3) . GO-RILLA also identified significant GO term enrichments among PPARG ligands for terms related to negative regulation of metabolic processes and hormone receptor binding. Most of the significantly enriched GO terms generated for ligands identified for a given bait protein were linked to the biological function of the bait protein.
We further investigated if the target proteins exhibit any overlap with the GO term of their bait proteins. This pairwise analysis revealed shared GO terms with the bait protein that is unlikely to occur by chance (P < 0.01) for 11% of the identified peptides (Tables  S1 and S4 ). For example, numerous proteins containing disordered regions that bind SHANK1 PDZ share significant GO terms with SHANK1. Many of these GO terms reflect a shared localization or role in neurons such as 'excitatory synapse', 'positive regulation of excitatory postsynaptic potential', and 'positive regulation of dendritic spine'.
In total, 12.5% of the identified peptides contain a previously characterized SLiM for the bait protein, are contained within a protein that is a known interactor of the bait protein or share a GO term overlap with the bait protein that is unlikely to occur by chance (Table S4 ; Fig. 3C ). Taken together, the high coverage of the consensus, the extensive overlap of peptide targets for homologous domains, the rediscovery of previously characterized SLiM-mediated and full-length protein interactions, and the significant GO term similarity between the identified ligands and bait proteins offer strong evidence that ProP-PD selections discover novel binders that are biologically relevant for the signaling network.
Validations of GGA1 VHS ligands through isothermal titration calorimetry and coimmunoprecipitation
To investigate to what extent interactions between the modular domains and the peptides identified through ProP-PD are relevant in the context of the full-length proteins we focused on the bait protein GGA1 and four proteins found to contain disordered regions that interact with its VHS domain. The ligands were AP-3 complex subunit beta-1 (AP3B1), transcriptionalregulating factor-1 (TRERF1), the transcription factor AP-1 (JUN), and myocardin (MYOCD). Of these ligands, AP3B1 appears as a particularly relevant ligand as it is a subunit of the nonclathrin-and clathrin-associated adaptor protein complex AP-3 that is involved in protein sorting in the trans-Golgi network. GGA1 and AP-3 have previously been shown to partially colocalize [44] . Isothermal titration calorimetry (ITC) measurements using recombinant GGA1 and synthetic peptides revealed that the affinities were in the range of 40-132 lM for the interactions between GGA1 VHS domain and the interacting peptides of AP3B1, MYOCD, and TRERF1 (Table 4 ; Fig. 4 ). No affinity value was obtained for the JUN peptide due to solubility issues. The measured affinities are similar to the values obtained through ITC measurements for previously characterized GGA1 targets [45] , which demonstrate that ProP-PD is a suitable approach for identifying moderate-to low-affinity interactions of potential biological relevance. There is an inverse relation between the K d values and the sequencing counts (Table 4 ) and the sequencing counts thus provide an affinity ranking of identified binding peptides, consistent with previous results [20] . Interactions between GGA1 and full-length proteins were confirmed for the four targets (AP3B1, TRERF1, MYOCD, and JUN) through co-IP of HA-tagged GGA1 and FLAG-tagged target proteins (Fig. 5) , demonstrating that these ligands identified through
ProP-PD are relevant in the context of the full-length proteins and in a cellular system. Our results thus support that the GGA1 VHS domain interacts with internal DxxLL motifs [46] .
Discussion
The SLiM-based interactions are crucial for cell function but notoriously difficult to discover by most methods developed to explore PPIs on large scale. Indeed, most of the current information on SLiMmediated interactions has been derived from lowthroughput mutagenesis studies [16] . In this study, to allow for large-scale discovery of SLiM-based interactions, we created a ProP-PD library composed of peptides representing a large proportion of the intrinsically disordered regions of the human proteome. We demonstrate that this library can be used to discover SLiMs binding modular domains with distinct SLiM-binding preferences, and we show for GGA1 that the interactions identified are of relevance in the context of full-length proteins. ProP-PD is an unbiased method to discover accessible peptides in the human proteome, and to identify SLiMs that may represent potential biologically relevant ligands. High-throughput sequencing allows the large-scale discovery of SLiM-containing peptides. As the displayed peptides represent regions of the human proteome, the discovery of binding peptides through ProP-PD directly provides information on the potential target proteins. This limits the need for computational predictions of SLiM-containing target proteins based on consensus motifs. The peptide-bait domain pairs also provide the molecular details of the interaction that can be used to complement PPI networks obtained through standard methods. In addition, ProP-PD discovers interactions that are overlooked by methods such as AP-MS and thus allow us to expand the knowledge on PPIs into largely unexplored regions of the human interactome.
As shown here, ProP-PD returns novel and known ligands. Among the obvious limitations is the fact that SLiM-containing ligands are identified solely based on affinity, with a potential bias for interactions with slow dissociation rates. In the context of full-length proteins, additional regions of the proteins often provide additional interactions, and such multivalency contributes to the specificity and avidity of the interactions [47] . Whether such SLiM-mediated interactions within multipartite interfaces will be recognized by ProP-PD is unclear, however, the affinity range of the measured ProP-PD peptides suggests that the method will excel at characterizing low-to medium-affinity interactions. Furthermore, the method displays peptides to the bait protein without the spatiotemporal constraints such as cellular coexpression and colocalization of the bait protein and the targets resulting in interactions that cannot occur in the cell [48] .
Consequently, we can consider the peptides identified by the ProP-PD method to comprise: (a) biologically relevant targets; (b) targets matching the bait domain's specificity yet lacking spatiotemporally restrictions and sequence context; and (c) experimental noise. Given the high coverage of correct motif consensus in the returned peptides the experimental noise appears to be low. The proportion of the identified peptides that are bona fide biological targets is unknown, but the high rate of interactions confirmed through co-IPs is reassuring. By integrating proteomic and ontological data, high confidence sets of biologically relevant peptides can be created. An additional limitation of the ProP-PD approach is that it does not account for post-translational modifications. This is a notable limitation, given the abundance of modifications that lead to the activation of interaction sites, as, for example, protein phosphorylation creating binding sites for phosphopeptide-binding domains [49, 50] . Potentially, this limitation could be tackled by treatments of the naive phage library with desired kinases prior to selection, an approach previously taken for randomized peptide phage display [51] .
Taken together, we expand our ProP-PD approach by creating a library designed to cover a large proportion of the human proteome. We thereby extended the applications of phage display, allowing the method to tackle systems biology related questions. We foresee that this method will be highly useful for the largescale discovery of binding SLiMs and the complementary charting of PPI networks.
Materials and methods
Library design
The phage library was designed to tile the intrinsically disordered regions of the~21 000 primary isoforms of reviewed human proteins from the UniProt resource. Each peptide is 16 amino acids in length and has an overlap of seven amino acids with the adjacent peptide (Fig. 1) . The IUPred algorithm (cutoff = 0.3) was used to define the intrinsically disordered regions of the proteome. The resulting tiled library contained 479 846 peptides covering 4 757 112 residues in 18 684 proteins. All cysteine residues within the peptides were replaced with alanine as unpaired cysteines may compromise display on the M13 coat. The peptides were reverse translated to oligonucleotides optimizing for Escherichia coli expression by replacing low abundance and high-guanine content codons with synonymous preferred codons. The peptide encoding oligonucleotides were flanked by primer annealing sites for PCR amplification and site-directed mutagenesis. Finally, codons resulting in complementary stretches within the oligonucleotide were replaced with noncomplementary codons. The designed oligonucleotide library was obtained from MYcroarray (Ann Arbor, MI, USA).
Library construction
The disorderome phage library was constructed following a published procedure [52, 53] using 0.6 lg of the oligonucleotide library as primers for the oligonucleotide-directed mutagenesis. The phagemid library was converted into a phage display library by electroporation into E. coli SS320 cells preinfected with M13KO7 helper phage [53] with an efficiency of 2.6 9 10 8 transformants, thus oversampling the theoretical library size by more than 500 times. The phage-producing bacteria were grown over night in 500 mL 2YT ( 
Protein expression and purification for phage display selections
The expression constructs of DLG1 PDZ2 and SHANK1 PDZ in a pGEX vector were described previously [17] . The synthetic coding genes of the other bait proteins were generously provided by the Sidhu lab cloned in an in-house made vector (pHH0103), which carries ampicillin resistance and encodes 6-His-GST-tagged proteins. About 10 ng DNA of each domain was used to transform into chemically competent E. coli BL21 (DE3). Bacteria were grown over night with shaking in 440 lL 2-YT media supplemented with carbenicillin (30 lgÁmL À1 ) in a 96-well format.
Ten microliters of overnight cultures were used to inoculate 2 9 1.5 mL autoinducing Magic Medium (Invitrogen, Carlsbad, CA, USA) supplemented with carbenicillin (30 lgÁmL À1 ) in a 96-well format deep well block. The cultures were grown at 37°C for 6 h with 200 r.p.m. shaking.
The temperature was then reduced to 20°C and protein expression was allowed for 24 h. The bacteria were pelleted by centrifugation (15 min, 3400 g) and purified in 96-well format as described by Huang and Sidhu, using a glutathione sepharose resin for purification of the PDZ domains, and a Ni-affinity resin for the other proteins [54] . Purified proteins were confirmed by SDS/PAGE analysis and the protein concentrations were estimated by Bradford assay. Freshly purified proteins were used for peptide phage selections.
Protein expression and purification for affinity measurements
Untagged GGA1 VHS domain was prepared for affinity measurements. The coding region (amino acids 7-157) of GGA1 VHS was cloned into the pETM-11 vector (EMBL, Heidelberg, Germany) using the NcoI and EcoRI restriction sites and was transformed into chemically competent E. coli BL21 (DE3) gold cells. The protein was expressed in 2TY-medium supplemented with kanamycin. The overnight culture was diluted 1 : 100 and grown in 37°C until OD 600 nm % 0.7. Protein expression was induced by addition of 1 mM IPTG final concentration, the temperature was decreased to 30°C and cells were grown for 3 h and then harvested by centrifugation at 8000 g for 10 min. Protein was batch purified by Ni-nitrilotriacetic acid affinity chromatography. Bacteria pellet were resuspended in Lysis buffer consisting of PBS pH 7.2, 20 mM imidazole, 1% Triton X-100 (PerkinElmer, Waltham, MA, USA), 1 Complete mini protease inhibitors tablet (EDTA free; Roche, Basel, Switzerland), 2.5 unit DNase1, 6 lg lysozyme per 50 mL of buffer and incubated for 30 min at 4°C under gentle agitation. Cell lysates were cleared by centrifugation at 13 000 g for 45 min. Lysates were mixed with Ni-nitrilotriacetic acid agarose pre-equilibrated with binding buffer (20 mM imidazole in PBS) and incubated 30 min. The resin was washed using 75 mM imidazole in PBS until A 280 reached a value below 0.05. Bound proteins were subsequently eluted with 300 mM imidazole in PBS. Following Ni-nitrilotriacetic acid affinity purification, 1 mg of TEV protease was added per 50 mg protein to remove the His-tag and from the VHS domain. To remove the cleaved His-tag and the His-tagged protease, a reverse Ni-nitrilotriacetic acid chromatography was performed in the same buffer. The GGA1 VHS domain was dialyzed into PBS pH 8, 1 mM b-mercaptoethanol. All purification steps were carried out at 4°C.
Phage selections
The selections were carried out following a published highthroughput selection protocol [54] with minor modifications. The proteins (5-10 lg in 100 lL PBS) were coated in 96-well Flat-bottom Immuno Maxisorp plates (Nunc, Roskilde, Denmark) overnight at 4°C. In parallel, GST was plated in a preselection plate. The Maxisorp plates were blocked with 0.5% BSA in PBS. The na€ ıve phage library (~10 12 phage particles in each well) was added to the preselection plate for 1 h, transferred to the target proteins and were allowed to bind for 2 h. Unbound phages were removed by five times washing with cold wash buffer (PBS, 0.5% Tween-20) and bound phage was eluted by direct infection into bacteria by the addition of 100 lL of log phase (A 600 = 0.8) E. coli SS320 in 2YT to each well and incubation for 30 min at 37°C with shaking. M13K07 helper phage (NEB, Ipswich, MA, USA) was added to a final concentration of 10 10 phageÁmL À1 to enable phage production, and the cultures were incubated for 45 min at 37°C with shaking. Eluted phages were amplified overnight in 1.5 mL 2YT supplemented with antibiotics (carbencillin and kanamycin). Bacteria were then pelleted by centrifugation, the supernatant was heat inactivated at 65°C for 15 min, shilled on ice and then used for the next round of selections. Five rounds of phage panning were conducted and the selections were followed by pooled phage enzymelinked immunosorbent assays, which suggested that the selections were saturated after 4 days of selections. Phage pools of round four were barcoded for NGS on the Illumina platform as outlined by McLaughlin and Sidhu [55] . Undiluted amplified phage pools (5 lL) were used as templates for 24 cycles 50 lL PCR reactions using unique combinations of barcoded primers for each reaction (0.5 lM each, for barcode sequences see [55] ) and Phusion High Fidelity DNA polymerase (NEB) with a maximum polymerase and primer concentrations. The PCR products were confirmed by gel electrophoresis (2% agarose gel) of 1 lL PCR products. The concentrations of the PCR products were estimated using PicoGreen dye (Invitrogen) and using a two-fold dilution series (100-0.8 lgÁlL
À1
) of lambda phage double-stranded DNA (dsDNA; Invitrogen) as a standard. The PicoGreen dye was diluted 1 : 400 in TE buffer and mixed with 1 lL of dsDNA standard or PCR product in a low-fluorescence 96-well plate (Bio-Rad, Hercules, CA, USA). The plate was briefly centrifuged before reading the fluorescence in a qPCR machine (BioRad; excitation 480 nm, emission 520 nm). The blank value was subtracted and the DNA concentration of the sample determined from the standard curve.
Equal amounts of each PCR products were pooled. The PCR amplicons (~3 lg) was sent to Cofactor Genomics (St. Louis, MO, USA) for NGS (Illumina Miseq, Toronto, Canada, paired end 150 base reads, 20% PhiX) In total, 124 890 sequencing reads are identified. The obtained sequencing reads were filtered for average Phred score of 30 (99.9% of sequencing accuracy) in peptide region (48 nucleotide variable sequence). Each read was trimmed at both 5 0 -and 3 0 -end to remove uninformative sequence (adapter, barcode and constant region). The variable sequencing reads were mapped against the library design using Bowtie [56] with maximum two mismatches between the reference sequences in the library design and the sequencing reads.
Assignment of cutoff values and data analysis
Threshold values were established for each protein individually to filter out nonspecifically retained peptides (Table S1 ). Consensus motifs among the ligands above the threshold were identified by motif scanning using the SLiMFinder algorithm using default settings [25] (Table 1) . Ligands with counts below cutoff values and lacking consensus motifs were used to create a merged set of background 'nonspecific' peptides. Some of these nonspecific peptides occur multiple times in unrelated datasets. With continued use of the disorderome library we expect that the set of nonspecific ligands will grow and be consolidated, and that the information can be used to remove nonspecific ligands, in analogy to the frequent flyer analysis in MS studies [57] . Identified ligands were cross-referenced with motif annotations from the ELM database; motif annotations and mutagenesis data from UniProt and the published motif literature to find previously described motifs. To establish the presence of known binders for the bait protein among the ProP-PD-derived ligands, we retrieved previously identified interactors from the HIPPIE database [41] . A GO term enrichment analysis was performed using the web-based tool DAVID 6.8 [42] with the default human proteome as a background, the GO FAT and the KEGG pathway annotations [58] and medium stringency setting. The significance of the enrichments were evaluated by the Benjamini-Hochberg false discovery rate corrected P-values, with a cutoff value of FDR ≤ 0.01. GO terms shared by the bait protein and proteins containing the identified peptide ligands were tested for significance by calculating the likelihood of any two proteins sharing the term by chance using the equation (N g 9 (N g À 1))/(N 9 N À 1) where N g is the number of proteins with the GO term and N is the number of proteins in human protein. Probabilities were corrected for multiple testing and significance was evaluated at a cutoff value of P ≤ 0.01. In addition, we performed a GO term enrichment analysis using GORILLA [43] , using the library design minus identified ligands as a background set. Network of the high-confidence PPIs were visualized using CYTOSCAPE 3.1 [59] .
Isothermal titration calorimetry
Isothermal titration calorimetry experiments were performed using a MicroCal PEAQ-ITC (Malvern Instruments, Northampton, MA, USA) at 25°C in PBS, pH 8 with 1 mM b-mercaptoethanol. The protein concentration in the calorimeter cell ranged from 70 to 120 lM, and the concentration of ligand in the syringe ranged from 1.5 to 3.5 mM. A total of 40 lL of ligand (in 2.49 lL aliquots) was injected over the course of each titration. Data from the first (0.4 lL) injection were discarded to eliminate diffusion-related artifacts. Data were fit to a single-site binding model in the software package provided with PEAQ-ITC (Fig. 4 , Table 4 ). Protein active concentration along with the binding stoichiometry was established in the titrations with the tightest binder. For the rest of the measurements the stoichiometry value was fixed to 1.
Coimmunoprecipitation
The choice of constructs were based on their availability of constructs in the Openfreezer [60] . HEK293T cells were transfected with expression vectors for FLAG-tagged target protein and HA-tagged GGA1 protein. Cells were lysed 48 h after transfections with radioimmunoprecipitation assay buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40, 19 protease/phosphatase inhibitor cocktail (Cell Signaling #5872, Danvers, MA, USA)) for 30 min at 4°C and spun down at 16 000 g for 10 min. Cell lysates were coimmunoprecipitated with anti-FLAG beads (Sigma). Protein samples were loaded on a mini PRO-TEAN TGX precast 4-15% SDS/PAGE gel (Bio-Rad) and transferred to PVDF (Polyvinylidene difluoride, 0.2 lm) membranes. Transferred HA-tagged GGA1 was immunoblotted with primary rabbit anti-HA antibody (Invitrogen) followed by horseradish peroxidase (HRP)-conjugated secondary antibodies (Cell Signaling #7074) and FLAG-tagged target proteins were immunoblotted with HRP-conjugated anti-FLAG antibody (Gene Script). The proteins were detected using chemiluminescence substrate (Thermo Scientific #34080, Burlington, ON, Canada).
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